Introduction
============

Palladin ([Fig. 1](#F1){ref-type="fig"}), myotilin and myopalladin form a unique family of actin-binding proteins that were known to have a scaffolding function.[@R1]^,^[@R2] Palladin was initially found to co-localize with α-actinin in stress fibers in cells, focal adhesions (also known as focal contacts) and cell-cell junctions,[@R3] and also associated with α-actinin to organize actin-containing microfilaments in smooth muscle and nonmuscle cells,[@R4] serving a scaffolding role in cytoskeleton. Unlike palladin, which is found in virtually all mammalian tissues and cells and localized to actin-based structures (e.g., stress fibers, focal adhesions),[@R1]^,^[@R2]^,^[@R5]^,^[@R6] myopalladin is restricted to the heart and skeletal muscle,[@R7] whereas myotilin is mostly expressed in skeletal muscle.[@R8] Subsequent studies have shown that palladin, besides serving as a cytoskeletal scaffold, also binds tightly to Eps8 (epidermal growth factor receptor pathway substrate 8, an actin-barbed end capping and bundling protein), and it is also an actin cross-linker that binds to F-actin using its Ig-like (immunoglobulin-like) domains.[@R9] Due to this unusual actin cross-linking activity and the fact that it is tightly associated with Eps8, it is becoming increasingly clear that palladin is a crucial molecule that confers and regulates actin filament bundles in mammalian cells, such as those found in the ectoplasmic specialization (ES) in the seminiferous epithelium of the mammalian testis.

![**Figure 1.** A schematic drawing illustrating the functional domains of a 90 kDa isoform of palladin polypeptide. In the testis, the predominant form of palladin detected by immunoblotting is the 90 kDa isoform, which is composed of a protein-rich region (PR region) for protein-protein interactions near its N terminus, and three IgC2 domains close to its C terminus for binding to F-actin to confer its F-actin cross-linking and F-actin bundling activity.](spmg-3-e23473-g1){#F1}

Three isoforms of palladin are found in mammalian cells to date; however, the 90 kDa isoform is the predominantly palladin in the rat testis ([Fig. 1](#F1){ref-type="fig"}).[@R10] The 90 kDa palladin polypeptide possesses three distinctive Ig-like domains near its C terminus, which confers actin-binding activity,[@R5] with a proline-rich (PR) region near its N terminus ([Fig. 1](#F1){ref-type="fig"}).[@R5] The PR motif in palladin is similar to the motif found in zyxin and vinculin, which are adaptor proteins found in the rat testis,[@R11]^,^[@R12] and the PR motif is also the binding site for VASP (vasodilator-stimulated phosphoprotein).[@R13] Other studies have shown that the PR motif is crucial to induce interactions with SH3 domains, PDZ (postsynaptic density disc-large/ZO-1) domains, WW (tryptophan-tryptophan) domains and EH (Eps15 homology) domains of other proteins,[@R14] thereby, palladin possesses the ability to recruit other proteins to the actin filament bundles in mammalian cells to affect a number of cell functions. Indeed, besides interacting with α-actinin,[@R15] palladin has been shown to interact with the SH3 domain of c-Src.[@R16] Recent studies have shown that c-Yes, a member of the Src kinase family (SKF), is also an important regulator of F-actin in the testis,[@R17]^,^[@R18] illustrating palladin can be activated by members of the SKF to modulate its actin bundling activity. Furthermore, palladin also interacts specifically with Akt1 but not Akt2[@R19]^,^[@R20] (note: Akt, also known as protein kinase B, PKB, which is also a component of the F-actin-rich ultrastructures in the testis[@R21]). The physiological significance of palladin was shown in studies using the genetic model of palladin^−/−^-knockout (KO) mice since these mice displayed embryonic lethality, died at around embryonic age E15.5 d, then developed cranial neural tube closure defects, due to the inability of forming stress fibers and cell adhesion in the neural tissue to elicit cell migration necessary to develop the cranial neural tube.[@R22] Palladin^−/−^ mouse embryos also displayed defects in erythropoiesis in fetal liver.[@R23]

Recent studies have also shown that palladin is involved in carcinogenesis. Since extensive cell migration takes place in tumorigenesis, such as cancer invasion and metastasis,[@R24]^,^[@R25] and overexpression of palladin indeed was shown to activate tumor invasion.[@R2]^,^[@R26]^,^[@R27] Also, activation of palladin was recently shown to be mediated by ERK (extracellular signal-regulated kinase) by phosphorylating palladin at Ser77 and Ser197, which induced anti-migratory activities in cancer cells.[@R28]

Actin filaments in the seminiferous epithelium of adult rat testis during the epithelial cycle---the likely role of palladin in actin re-organization
-----------------------------------------------------------------------------------------------------------------------------------------------------

In the mammalian testis, such as rodents and humans, one of the most noticeable features in the seminiferous epithelium is the presence of extensive filament bundles that lie perpendicular to the opposing plasma membranes of: (1) Sertoli cells at the blood-testis barrier (BTB) or (2) Sertoli and elongating/elongated spermatids.[@R29]^-^[@R32] These actin filament bundles are sandwiched in-between the opposing plasma membrane in (1 and 2) and the cisternae of endoplasmic reticulum in the Sertoli cell and are known as the basal and the apical ectoplasmic specialization (ES), respectively.[@R29]^-^[@R32] In short, the ES is a testis-specific atypical adherens junction (AJ),[@R33] since the ES is only found in the seminiferous epithelium of mammalian testes. Also, the integral membrane proteins at the ES that are usually restricted either to tight junctions \[TJs; e.g., coxsackievirus and adenovirus receptor (CAR), junctional adhesion molecule-A (JAM-A), JAM-B, JAM-C, claudin-5\], AJs (e.g., N-cadherin, nectin-2, nectin-3), gap junctions (e.g., connexin-33, connexin-43), focal adhesion complexes (e.g., integrins, laminins) and desmosomes (e.g., desmoglein-2) are all found in the ES: either at the apical or basal ES; and, as such, making the ES a hybrid cell-adhesion junction.[@R31]^,^[@R33]^-^[@R35] While other studies have demonstrated that actin filament bundles are crucial to confer the unusual adhesive strength to the apical ES as well as the basal ES at the BTB,[@R36]^,^[@R37] and their involvement in spermatid transport during spermiogenesis,[@R38]^,^[@R39] virtually no functional studies were found in the literature to study actin-based cytoskeleton until recently.[@R30]^,^[@R40]^-^[@R42] It is increasingly clear that the highly restrictive and stage-specific spatiotemporal expression of Eps8 (an actin-bundling and barbed end capping protein that confers actin filament bundles at the ES),[@R43] Arp3 (actin-related protein 3, which together with Arp2 forms the Arp2/3 complex that mediates branched actin polymerization, thereby converting the actin filaments from a "bundled" to a "de-bundled" and "branched" actin network state, destabilizing the ES, necessary to allow spermatid transport across the epithelium during spermiogenesis and the transit of preleptotene spermatocytes at the BTB)[@R44] and drebrin E (an actin-binding protein that recruits Arp3 to the ES to induce branched actin network),[@R45] which together with polarity proteins (e.g., Par3, Par6, 14--3-3, Cdc43, Scribble, Lgl, Dlg)[@R46]^-^[@R49] and non-receptor protein tyrosine kinases (e.g., c-Yes, c-Src),[@R17]^,^[@R18] are involved in regulating the transformation of actin between its "bundled" and "de-bundled" state as illustrated in an in vivo model using adjudin, mimicking junction restructuring at spermiation.[@R42]

In order to provide a thorough understanding on the regulation of actin dynamics in the testis, we thought it necessary to identify other potential players in this event. In our quest of searching for actin-bundling proteins besides Eps8, filamin A (an actin cross-linking protein) was found in the testis; however, its expression and function were shown to be limited to the assembly of the BTB during testicular maturation following puberty.[@R50]^,^[@R51] It is likely that filamin A may also regulate junction restructuring events during spermatogenesis in adulthood; however, its steady-state level, both its protein and mRNA in the adult testis is only \~5--10% of that of immature rat testes and it is critically involved in the assembly of the BTB at puberty,[@R50] thus, it is unlikely that this actin cross-linker plays a critical role in regulating BTB dynamics during spermatogenesis in adult rat testes.

The 90 kDa isoform of palladin, an actin cross-linker and an actin-bundling protein, was detected both at the apical ES and at the basal ES at the BTB in adult rat testes, highly expressed by Sertoli and germ cells.[@R10] Furthermore, palladin was almost exclusively localized to the apical ES and the basal ES at the BTB,[@R10] the F-actin-rich ultrastructures in the seminiferous epithelium that require changes in their organization from their "bundled" to "de-bundled" configuration and vice versa during the epithelial cycle. Also, palladin was also detected at the tunica propria, apparently associated with peritubular myoid cells.[@R10] Most notably, the localization of palladin at the apical ES surrounding the heads of spermatids changes considerably during spermiogenesis, such as from stages I‒II, IV‒V, VI‒VII, VIII and XII‒XIII when step 15--16, 17, 18--19, 19 and 12--13, respectively, are found in the adluminal compartment ([Fig. 2](#F2){ref-type="fig"}), reflecting the need of the apical ES to undergo extensive re-organization of the actin filament bundles at the site to accommodate spermatid transport across the epithelium, which also coupled with changes in the morphology of spermatid head (e.g., packaging of the genetic materials in the spermatid nucleus in the head region, formation of acrosome) and spermatid polarity. Thus, palladin is working in conjunction with other actin-binding and regulatory proteins, such as Eps 8, Arp2/3 complex, drebrin E, filamin A and perhaps other yet-to-be identified actin regulatory proteins, to confer changes of the actin filament bundles by altering between the "bundled" and "de-bundled" configuration. For instance, spermatids have to be transported from near the basement membrane toward the adluminal edge of the tubule at stages I‒IV, but also be transported back to the basal compartment by almost touching the Sertoli cell nucleus located in the basal compartment at stage V, and then transported back up to the adluminal compartment at stages VI‒VII until they line up at the luminal edge near the tubule lumen at early stage VIII with their heads pointing toward the basement membrane and their tails to the tubule lumen in highly polarized fashion to prepare for spermiation.[@R52]^-^[@R54]

![**Figure 2.** Stage-specific localization and expression of palladin in the seminiferous epithelium of adult rat testes. Palladin (red fluorescence) was localized to the tunica propria, associated with peritubular myoid cells and also near the basement membrane, consistent with its localization at the BTB. (**A**) Most notably, palladin was localized at the apical ES, surrounding the head of elongating spermatids, in step 15--19 spermatids at stage I‒VIII of the epithelial cycle. More importantly, its localization at the apical ES altered during the progression of spermiogenesis. For instance, at stage I‒V, palladin was found to surround the entire spermatid head, but it shifted mostly to the tip of the spermatid head beginning at stage VII, and most obvious at stage VIII, illustrating that palladin is no longer needed to confer the actin filament bundles at stage VIII in preparation for the release of sperm at spermiation. Immunofluorescence microscopy was performed as described in reference [@R10] using a rabbit anti-palladin antibody (Protein Tech, Cat. \# 10853--1-AP, working dilution, 1:100), spermatid nuclei were visualized by DAPI (4',6-diamidino-2-phenylindole) staining. For each staged tubule, the "yellow" boxed area on the left was magnified and shown on the right, scale bar = 50 μm in the micrograph on the left, and scale bar = 10 μm in the micrograph enlarged on the right, which apply to corresponding micrographs in all other stages. These observations support the notion that palladin is involved in conferring changes in the organization of F-actin filaments from their "bundles" and "de-bundled" configuration to facilitate spermatid transport across the seminiferous epithelium as well as changes in the shape/morphology of the spermatid head, as well as spermatid polarity during spermiogenesis. (**B**) Palladin (red fluorescence) was also found to co-localize with F-actin at the BTB besides the tunica propriate (F-actin was detected by using phalloidin-FITC) (Sigma-Aldrich, Cat. \# P5282; working dilution, 1:70). Bar = 10 μm in the micrograph on the left, which apply to corresponding micrographs in this panel.](spmg-3-e23473-g2){#F2}

It was also shown that a knockdown of palladin by RNAi using specific siRNA duplexes in Sertoli cells cultured in vitro with an established functional TJ-permeabiltiy barrier that mimicked the BTB in vivo, the silencing of palladin by \~60% was found to impede the actin filaments in Sertoli cells in which the typical actin filaments were no longer seen in these cells, they were either mis-aligned or truncated, failing to form actin filament bundles, thereby perturbing the Sertoli cell TJ-permeability barrier function.[@R10] This loss of actin filament network in the Sertoli cell cytosol also impeded the proper distribution of ZO-1 and α-catenin at the cell-cell interface. Furthermore, a knockdown of palladin in the testis in vivo by RNAi was found to impede spermatid adhesion in which elongated spermatids failed to undergo spermiation so that defects of were defected in which spermatids were entrapped in the seminiferous epithelium in stage IX‒X tubules.

It is likely that palladin is working with Eps8 to confirm integrity of the actin filament bundles at the apical ES, and the stage-specific changes on the expression of palladin around the apical ES during the epithelial cycle as illustrated in [Figure 2](#F2){ref-type="fig"} may be crucial and necessary to alter the configuration of actin filament bundles surrounding the spermatid head to allow the transport of spermatid across the seminiferous epithelium during spermiogenesis. It is also plausible that other proteins, such as Par6,[@R46] Scribble[@R49] and c-Yes,[@R17]^,^[@R55] which also display stage-specific and spatiotemporal expression at the ES, may also be involved in the apical ES restructuring. Furthermore, a recent report has demonstrated that the restrictive expression of two isoforms of FAK, namely p-FAK-Tyr^407^ and p-FAK-Tyr^397^, are having antagonistic effects on the Sertoli cell TJ barrier function via their effects on the actin filament dynamics at the basal ES.[@R56] It is possible that the restrictive expression of these two isoforms of FAK at the ES affects the intriguing spatiotemporal expression of the actin regulatory proteins that confer "bundling" (e.g., palladin, Eps8) and "de-bundling" (e.g., the Arp2/3 complex) of the F-actin at the ES, so that actin filament bundles can be rapidly modified surrounding the spermatid head to accommodate their transport along the seminiferous epithelium during spermiogenesis.

Based on recent findings that both Eps8, Arp3 and c-Src are binding partners of palladin, which coupled with the observations regarding the stage-specific and spatiotemporal expression of palladin,[@R10] Eps8,[@R43] Arp3[@R44] and c-Src,[@R18] we provide a hypothetical model by which palladin regulates ES restructuring during the epithelial cycle of spermatogenesis ([Fig. 3](#F3){ref-type="fig"}). In short, at stage VII of the epithelial cycle when the apical and the basal ES are intact, c-Src (and also FAK since it is an integrated component of both the apical and the basal ES[@R56]^-^[@R59]) provides proper phosphorylation to activate palladin to exert its actin cross-linking and bundling activity; also, palladin recruits Eps8 to the site to maintain the actin filaments at the ES in their "bundled" configuration (see left panel of [Fig. 3](#F3){ref-type="fig"}). At stage VIII of the epithelial cycle, cSrc/FAK inactivates palladin via phosphorylation to "disable" its actin cross-linking and bundling activity, also, instead of recruiting Eps8, Arp2/3 complex is predominantly recruited to the ES, this, in turn, induces branched F-actin, converting the "bundled" actin filaments to a "un-bundled" configuration (see right panel of [Fig. 3](#F3){ref-type="fig"}). These changes in the underlying actin cytoskeleton also contribute to an increase in endocytic vesicle-mediated protein endocytosis, causing protein transcytosis and recycling to assemble "new" apical ES and also "new" BTB.

![**Figure 3.** A schematic drawing illustrating the mechanism by which palladin regulates ES restructuring during the epithelial cycle of spermatogenesis. Left panel shows the apical ES (upper) and the basal ES at the BTB (lower) at stage VII of the epithelial cycle when the ES is intact, maintained by adhesion proteins at the apical ES and basal ES (and also proteins of the TJ, GJ and desmosome at the BTB) to confer spermatid adhesion and the integrity of the BTB, respectively, since these proteins are anchored to the underlying actin filament bundles at both sites. The ES integrity is made possible in which c-Src and FAK maintains the proper phosphorylation status on palladin, which exerts its actin cross-linking and actin-bundling activity; also, palladin recruits Eps8 to the apical ES and the basal ES to maintain and strengthen the integrity of the actin filament bundles. On the right panel is the seminiferous epithelium at stage VIII of the epithelial cycle in which both the apical ES (upper) and the basal ES/BTB (lower) undergo restructuring to facilitate the release of spermatzoa at spermiation and the transit of preleptotene spermatocytes across the BTB. This is made possible in which c-Src and FAK phosphorylate palladin to inactivate its actin cross-linking and bundling intrinsic activity, such changes in phosphorylation status also reduce the binding affinity of palladin to Eps8, instead, more Arp3 is recruited to the apical and the basal ES, which induce branched actin polymerization, destabilizing the ES at both sites to facilitate spermiation and the transit of preleptotene spermatocytes at the BTB. The segregation of laminin chains from the integrin receptors at the apical ES (note: laminin- α3β3γ3-α6β1-integrin is an adhesion protein complex at the apical ES) also induces the generation of biologically active laminin fragments mediated via the action of MMP-2, which can further potentiate BTB restructuring as reported earlier.[@R60]^,^[@R61] Changes in actin filament organization at the ES at both sites from the "bundled" to the "de-bundled" configuration also favor endocytic vesicle-medicated protein endocytosis, transcytosis and recycling to assemble "new" apical ES and "new" basal ES/BTB during disassembly of the "old" apical ES and the "old" basal ES/BTB. However, "aged" proteins undergo endosome-/ubiquitin-mediated intracellular degradation instead of being recycled. In short, this model illustrates the physiological significance of palladin in the restructuring of the apical and the basal ES during the epithelial cycle of spermatogenesis via its interaction with Eps8, Arp3 and c-Src.](spmg-3-e23473-g3){#F3}

Concluding Remarks and Future Perspectives
==========================================

Collectively, the recent findings on palladin in the adult rat testis during the epithelial cycle have illustrated that palladin is an important regulator of the actin filament bundles at the ES, both at the Sertoli-spermatid interface at the apical ES and also the Sertoli-Sertoli cell interface at the basal ES in the BTB. Analogous to Eps 8,[@R43] Arp3,[@R44] drebrin E[@R45] and filamin A,[@R50] palladin also displays stage-specific and spatiotemporal expression in the epithelium in particular at the apical ES during the epithelial cycle in the rat testis. Furthermore, the unique localization pattern of palladin at the apical ES during the epithelial cycle also reflects its likely involvement in the cyclic events of apical ES restructuring in which actin filament bundles undergo complex re-organization to facilitate the timely transport of spermatid across the epithelium. These recent findings on palladin, in conjunction with other functional studies conducted on palladin in other epithelia as briefly described herein, thus help us to provide a hypothetical model depicted in [Figure 3](#F3){ref-type="fig"} by which palladin regulates ES restructuring during the epithelial cycle of spermatogenesis. This model also provides the basis of performing additional functional experiments in future studies. It is likely that these actin regulatory proteins are working in concert with different polarity proteins[@R46]^-^[@R49] in the testis to confer actin re-organization during spermatogenesis.
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